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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Statistics of transiti n from dama e to fragmentation is studied based on the analysis of multi-scale mechanisms 
of nucleation and growth of cracks in hollow cylindrical (tub l r) specimens made of Al2O3 ceramics. Specimens are 
loaded by underwater electrical wire explosion. Around 98% of the initial mass of the specimen was recovered as a 
fragments. The fragments were classified into two types: quasi-two-dimensional (2D) samples, the characteristic size 
of which d* was greater than (or equal to) the wall thickness of the tube d; and three-dimensional (3D) samples of 
size d* < d. The analysis of the fragment geometry allows us to determine the mechanisms responsible for the 
formation of 2D and 3D fragme ts. The 2D fragments are formed by the large cracks (Mott mechanism) as a result 
of tube extension in the radial directi n. The 3D objects are formed due to in tability of fast crack propagation, 
which leads to microbranching, as was shown in Sharon (1996). The 3D fragments size distribution is governed by 
the power law, which corresponds to the microbranch distribution. The study of the influence of the initial sample 
porosity indicates that the distribution of the porosity is described by the power function with an exponent slightly 
differing from that of the fragments distribution. We suppose that both the initial porosity and crack instability 
influence the formation of small fragments. The preliminary analysis of the initial porosity f the material sh ws us 
that th initial poros ty has  direct effect on th  formation of 3D fragments. According to the scenario, the initial 
defects (pores) provide the conditions for multi-site fracture of ceramics under high rate loading.  
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1. Introduction 
When constructing a theoretical model of fragmentation based on the approach by Naimark (2003), which 
describes the transition from dispersed damage to fracture as a structural-scaling transition in an ensemble of the 
mesodefects, is necessary to take into account the initial distribution of such defects as porosity. Influence of the 
porosity of solid bodies on their properties is a recognized factor and it is the subject of the numerous studies due to 
the large a scientific and a technical interest of this issue by Vladimirov (1984), Sloutsker (2008). 
The goal of present study is to find a possible connection of the initial porosity samples (hollow cylinders) 
ceramic (Al2O3) with the fragmentation statistics. 
Nomenclatures mentioned in the article are listed below. 
 
Nomenclature 
h height of the tube  
d1 external diameter of the tube 
d2 inner diameter of the tube 
d thickness of the tube 
d* characteristic fragment size 
mo weight of the tube 
m fragment mass 
ρ density of ceramics (Al2O3) 
dw diameter of the wire (conductor) 
WC energy stored in the capacitor battery 
w density of the load energy  
Qw energy expended for evaporating the wire (conductor) 
τd duration of the discharge on the wire 
2D quasi-two fragments with the parameter d* ≥ d 
3D volumetric fragments with the parameter d* < d 
N number of the fragments, the mass of which is greater than a prescribed weight 
NL number of the segments,  the width of which is greater than a prescribed width 
Nph normalized area distribution of pores to the picture area 
NM number of the tube fragments normalized to the weight mo 
Npore area distribution of pores in cross section, which is greater than a prescribed value  
Spore area of pores in cross section 
Sph area of the picture 
L width of the segment 
k dimensionless parameter of the tube 
 
2. Experiments and Samples tube 
In this paper we investigated tubes made of ceramic (Al2O3) of density ρ ~ 0.0026 g/mm3 (d1 = 11.8 mm 
d2 = 7.8 mm, d = 2.05 mm, h = 12.7÷16.7 mm). Here, the characteristic size of the tube, k (the ratio of the tube 
thickness to the inner radius) was less than unity. The initial porosity (in cross section) of ceramic samples was 
determined at the tube ends with a digital optical microscope HIROX KH-7700 at different degrees of magnification 
(Fig. 1). The tube ends were grinded to prevent the formation of possible defect nucleation sites. The area 
distribution of pores in the cross-section Npore was normalized by dividing Npore into the area of the photographs Sph 
displaying pores in the sample cross-section: 
Copyright © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
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1. Introduction 
When constructing a theoretical model of fragmentation based on the approach by Naimark (2003), which 
describes the transition from dispersed damage to fracture as a structural-scaling transition in an ensemble of the 
mesodefects, is necessary to take into account the initial distribution of such defects as porosity. Influence of the 
porosity of solid bodies on their properties is a recognized factor and it is the subject of the numerous studies due to 
the large a scientific and a technical interest of this issue by Vladimirov (1984), Sloutsker (2008). 
The goal of present study is to find a possible connection of the initial porosity samples (hollow cylinders) 
ceramic (Al2O3) with the fragmentation statistics. 
Nomenclatures mentioned in the article are listed below. 
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h height of the tube  
d1 external diameter of the tube 
d2 inner diameter of the tube 
d thickness of the tube 
d* characteristic fragment size 
mo weight of the tube 
m fragment mass 
ρ density of ceramics (Al2O3) 
dw diameter of the wire (conductor) 
WC energy stored in the capacitor battery 
w density of the load energy  
Qw energy expended for evaporating the wire (conductor) 
τd duration of the discharge on the wire 
2D quasi-two fragments with the parameter d* ≥ d 
3D volumetric fragments with the parameter d* < d 
N number of the fragments, the mass of which is greater than a prescribed weight 
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Npore area distribution of pores in cross section, which is greater than a prescribed value  
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2. Experiments and Samples tube 
In this paper we investigated tubes made of ceramic (Al2O3) of density ρ ~ 0.0026 g/mm3 (d1 = 11.8 mm 
d2 = 7.8 mm, d = 2.05 mm, h = 12.7÷16.7 mm). Here, the characteristic size of the tube, k (the ratio of the tube 
thickness to the inner radius) was less than unity. The initial porosity (in cross section) of ceramic samples was 
determined at the tube ends with a digital optical microscope HIROX KH-7700 at different degrees of magnification 
(Fig. 1). The tube ends were grinded to prevent the formation of possible defect nucleation sites. The area 
distribution of pores in the cross-section Npore was normalized by dividing Npore into the area of the photographs Sph 
displaying pores in the sample cross-section: 
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The area of photographs Sph was calculated based on the ruler method data (Fig. 1). The area of pores in the cross 
section Spore was calculated by the image thresholding method Haralick (1992), using a specially written computer 
program. The Fig. 2 shows the data of the normalized area distribution of pores in the sample cross section Nph(Spore) 
at different degrees of magnification. The data fall within the same region, which suggests that shooting and pore 
analysis have been performed correctly. The obtained data are approximated by a power function (Fig. 2). 
 
 
Fig. 1. Images of tube ends done with the HIROX KH-7700 microscope at different degrees of magnifications. Dark areas are the pores in the 
sample cross sections. 
 
 
Fig. 2. The normalized area distribution of pores in cross sections obtained at different degrees of magnifications (Fig. 1). 
Tube samples were loaded dynamically by the shock-wave pulse initiated by underwater electric wire explosion 
(EEW). The EEW method is described in detail by Oreshkin (2012), Bannikova (2014a, 2014b). A tube with a 
coaxial conductor (dw = 0.1 mm, Cu) was placed vertically in the center of a cylindrical explosion chamber of height 
of 8.5 sm and diameter of 24 sm. The chamber was filled with liquid (distilled water). The pulse amplitude of load 
4 Author name / Structural Integrity Procedia  00 (2016) 000–000 
was regulated by changing the energy stored in the capacitors Wc. The discharge duration was 0.3÷0.8 μs, while 
melting of copper conductor and its evaporation took much less time equaling to 50÷100 ns (Oreshkin (2002). 
2.1. Analysis of fragmentation 
The fragments of fractured sample settled to the bottom of the chamber were removed and subjected to careful 
examination. The mass of the collected fragments m was as large as 98% of the mass mo of the initial sample, which 
in contrast to known experimental studies allowed us to accomplish a representative statistical sampling and to 
improve the quality of the analysis of the fragmentation statistics. The fragments were classified into two types: 
quasi-two-dimensional (2D) samples, the characteristic size of which d* was greater than (or equal to) the wall 
thickness of the tube d; and three-dimensional (3D) samples of size d* < d. 
The results of the influence of energy Wc on the size distribution of fragments and the number of fragments were 
discussed in the paper by Bannikova (2014c, 2015a). Since the height (or weight) of the tubes varied, in the analysis 
of fragmentation we used the parameter of the specific energy w, which was calculated according to the following 
formula (Bannikova (2014b)): 
C W
o
W Qw
m
 ,    (2) 
where WC, is the energy stored in the capacitor battery, QW is the amount of energy expended for evaporating the 
sample (for example, evaporation of 1.5 mm copper wire requires 6.5 J) and mo is the initial mass of the ceramic 
tube. The total number of fragments changed from 1600 to 4800 depending on the specific load energy w ~ 4÷23 J/g. 
In Fig. 3a the results for all samples are given in the coordinates NM(w). It was also found that the ratio of large (2D) 
to small fragments (3D) with respect to all fragments of the fractured tube remained constant ~ (4:96)% in all 
experiments. 
 
 
Fig. 3. (a) the effect of the specific energy on the number of tube fragments is plotted in the coordinates NM(w); (b) mass distribution of fragments 
(no. 22, w = 18.6 J/g). Solid line corresponds to the power approximation of the distribution of 3D fragments; dashed line is the exponential 
approximation of the distribution of 2D fragments. 
The investigation of the fragmentation of ceramic tubular specimens was based on the analysis of the statistical 
size (weight) distributions of fragments. The methods used to determine the fragment mass – "weighing method" is 
described in work by Davydova (2013), and the "photographic detection method" was presented in Bannikova 
(2014b). The results of the analysis of tube fragmentation (k < 1) are presented in the works of Bannikova (2014b, 
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The investigation of the fragmentation of ceramic tubular specimens was based on the analysis of the statistical 
size (weight) distributions of fragments. The methods used to determine the fragment mass – "weighing method" is 
described in work by Davydova (2013), and the "photographic detection method" was presented in Bannikova 
(2014b). The results of the analysis of tube fragmentation (k < 1) are presented in the works of Bannikova (2014b, 
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2014c, 2015a). The distributions of the 2D fragments are well described by an exponential function, and the 
distributions of fragments representing three-dimensional objects (3D) are described by the equation involving a 
multiplier, the power of which is independent of the specific energy w. An example of such distributions is given in 
Fig. 3b showing the mass distribution of the fragment number (sample №22, w = 18.6 J/g). Here N(m) is the number 
of fragments, the  mass of which is more than some specified value. The rhombi denote the tube fragment weight 
data obtained by weighing fragments on scales using sieves in Davydova (2013). Circles denote the data of the 2D 
and 3D fragment weights calculated by the "method of photography» in Bannikova (2014b). It was also shown that 
the salient point on the size (mass) distribution curve is shifted towards small fragments with increasing energy 
density w (Bannikova (2014b, 2014c). The exponent of the function of 3D fragment distribution remained constant, 
i.e., it did not depend on the specific energy w. 
The fracture surface of the 2D fragments is rough and has a fractal character so the Mott supposition that a 
detailed description of the failure mechanism is not important for describing the fragmentation statistics, should be 
subject to refinement, because the mechanism of the formation and propagation of cracks, as was noted in paper of 
Naimark (2000), has a significant effect on the statistical features of the fragmentation process. The fracture surface 
of the fragment was investigated on the New View 5010 Interferometer profiler. The Hausdorff dimension of the 
fracture surface in the longitudinal section is 1.75±0.05 according to Bannikova (2015b), so that the investigated 
surface can be considered fractal. As a result of the analysis of the fracture surface, the distribution of the fragment 
areas over the horizontal cross section (white areas in Fig. 4a) of the fracture surface represented in the normalized 
coordinates Nph(S) is described by a power law (Fig. 4b). 
 
 
Fig. 4. (a) horizontal cut surface fracture of the 2D fragment; (b) normalized of the square white areas distribution (Fig 4a.): 3 and 4 is a two 
different horizontal sections of the fracture one surface, 1 and 2 is data of other surface fracture of fragments. 
3. Fracture model of the ceramic tube 
3.1. The model of formation of 2D 
At a small density of energy w the 2D fragments prevailed. It is possible to reconstruct the picture of 
fragmentation. Fig. 2a gives an expanded view of the tube consisting of 2D fragments in the expanded form. The 
analysis of 2D fragments allows us to make a suggestion that the vertical cracks propagating throughout the height 
of the sample are nucleated first as a result of stretching of the sample in the radial direction under the action of the 
shock wave generated by EEW. This supposition is consistent with the Mott model of fragmentation scenario as 
applied to the destruction of shells when the form of the distribution is affected only by the value of the load pulse 
(Mott (1947), Grady (2006), Gryaznov (1984)). The width of the resulting segments L has been converted from 
pixels into a dimension value using the attached ruler technique. The resulting data showed that the segments (width) 
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size distribution NL(L) is well described by an exponential function (Fig. 2b) as is the 2D fragments mass distribution 
(Fig. 3b). 
 
Fig. 5. (a) expanded view of the tube (no. 22, w = 18.6 J/g) after reconstruction from 2D fragments; (b) the segments 
(width) size distribution. Red and white symbols correspond to red and white segments of the sample. 
3.2. The model of formation of 3D. Effect of initial porosity of the sample 
As shown above (Fig. 3b) the 3D fragments size distribution is described by a power function. The area 
distribution of pores over cross section (Fig. 2) and the data of fracture surfaces of 2D fragments (Fig. 4) have a 
similar exponential form. In spite of this fact, the size of pores is significantly smaller than the characteristic 
dimension of 3D fragments. It suggests that the 3D fragments distribution statistics is determined not only by the 
initial porosity of the sample. 
This phenomenon can be explained as follows. A sample with defects in the form of pores experiences multi-
center fracture under loading (tensile-loading pulse produced by EEW). Stress concentration at the propagating 
crack tip cause additional damage at the vicinity of the crack path (Sharon (1996)). Defect distribution in the 
damaged zone depends on the distribution of the defect nuclei (initial pores) and on interaction of the defects in the 
defect ensemble. The application of statistical theory to the description of the evolution of the defect ensemble 
allows us the development of new description of critical phenomena – structural-scaling transitions Naimark (2000). 
The phenomenology developed explains different stages of the damage kinetics and self-similarity of damage 
localization, related to the generation of collective modes of defect response in a number of different damage-failure 
transitions. Existence of the collective modes in defect ensemble evolution leads to the power-law distribution of the 
defects at the damage process zone at the crack tip. Damage evolution will eventually lead to a separation of the 
material fragments from the fracture surface Gryaznov (1984) and formation of the3D fragments. 
4. Conclusion 
The experiments of the pulse stretching of ceramic (Al2O3) tubular specimens were carried out under the 
conditions of electrical wire explosion. The tube fragmentation analysis has shown that the fragment size 
distribution have two slopes. The part of the fragments described by the power function of distribution refers to 
small 3D objects. Another part of the distribution data are approximated by the exponential function and these data 
correspond to 2D fragments formed. In the context of the developed model describing the mechanism of continuous 
medium fracture under high speed loading the following results were obtained. The ceramic tube was destroyed to a 
multistage scenario. As a result of tube extension in the radial direction first the main vertical cracks were formed 
throughout the specimen height, and then the main horizontal cracks were formed. This leads to the formation of 2D 
fragments which corresponds to the scenario of fracture thin shells (Mott model).The preliminary analysis of the 
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2014c, 2015a). The distributions of the 2D fragments are well described by an exponential function, and the 
distributions of fragments representing three-dimensional objects (3D) are described by the equation involving a 
multiplier, the power of which is independent of the specific energy w. An example of such distributions is given in 
Fig. 3b showing the mass distribution of the fragment number (sample №22, w = 18.6 J/g). Here N(m) is the number 
of fragments, the  mass of which is more than some specified value. The rhombi denote the tube fragment weight 
data obtained by weighing fragments on scales using sieves in Davydova (2013). Circles denote the data of the 2D 
and 3D fragment weights calculated by the "method of photography» in Bannikova (2014b). It was also shown that 
the salient point on the size (mass) distribution curve is shifted towards small fragments with increasing energy 
density w (Bannikova (2014b, 2014c). The exponent of the function of 3D fragment distribution remained constant, 
i.e., it did not depend on the specific energy w. 
The fracture surface of the 2D fragments is rough and has a fractal character so the Mott supposition that a 
detailed description of the failure mechanism is not important for describing the fragmentation statistics, should be 
subject to refinement, because the mechanism of the formation and propagation of cracks, as was noted in paper of 
Naimark (2000), has a significant effect on the statistical features of the fragmentation process. The fracture surface 
of the fragment was investigated on the New View 5010 Interferometer profiler. The Hausdorff dimension of the 
fracture surface in the longitudinal section is 1.75±0.05 according to Bannikova (2015b), so that the investigated 
surface can be considered fractal. As a result of the analysis of the fracture surface, the distribution of the fragment 
areas over the horizontal cross section (white areas in Fig. 4a) of the fracture surface represented in the normalized 
coordinates Nph(S) is described by a power law (Fig. 4b). 
 
 
Fig. 4. (a) horizontal cut surface fracture of the 2D fragment; (b) normalized of the square white areas distribution (Fig 4a.): 3 and 4 is a two 
different horizontal sections of the fracture one surface, 1 and 2 is data of other surface fracture of fragments. 
3. Fracture model of the ceramic tube 
3.1. The model of formation of 2D 
At a small density of energy w the 2D fragments prevailed. It is possible to reconstruct the picture of 
fragmentation. Fig. 2a gives an expanded view of the tube consisting of 2D fragments in the expanded form. The 
analysis of 2D fragments allows us to make a suggestion that the vertical cracks propagating throughout the height 
of the sample are nucleated first as a result of stretching of the sample in the radial direction under the action of the 
shock wave generated by EEW. This supposition is consistent with the Mott model of fragmentation scenario as 
applied to the destruction of shells when the form of the distribution is affected only by the value of the load pulse 
(Mott (1947), Grady (2006), Gryaznov (1984)). The width of the resulting segments L has been converted from 
pixels into a dimension value using the attached ruler technique. The resulting data showed that the segments (width) 
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size distribution NL(L) is well described by an exponential function (Fig. 2b) as is the 2D fragments mass distribution 
(Fig. 3b). 
 
Fig. 5. (a) expanded view of the tube (no. 22, w = 18.6 J/g) after reconstruction from 2D fragments; (b) the segments 
(width) size distribution. Red and white symbols correspond to red and white segments of the sample. 
3.2. The model of formation of 3D. Effect of initial porosity of the sample 
As shown above (Fig. 3b) the 3D fragments size distribution is described by a power function. The area 
distribution of pores over cross section (Fig. 2) and the data of fracture surfaces of 2D fragments (Fig. 4) have a 
similar exponential form. In spite of this fact, the size of pores is significantly smaller than the characteristic 
dimension of 3D fragments. It suggests that the 3D fragments distribution statistics is determined not only by the 
initial porosity of the sample. 
This phenomenon can be explained as follows. A sample with defects in the form of pores experiences multi-
center fracture under loading (tensile-loading pulse produced by EEW). Stress concentration at the propagating 
crack tip cause additional damage at the vicinity of the crack path (Sharon (1996)). Defect distribution in the 
damaged zone depends on the distribution of the defect nuclei (initial pores) and on interaction of the defects in the 
defect ensemble. The application of statistical theory to the description of the evolution of the defect ensemble 
allows us the development of new description of critical phenomena – structural-scaling transitions Naimark (2000). 
The phenomenology developed explains different stages of the damage kinetics and self-similarity of damage 
localization, related to the generation of collective modes of defect response in a number of different damage-failure 
transitions. Existence of the collective modes in defect ensemble evolution leads to the power-law distribution of the 
defects at the damage process zone at the crack tip. Damage evolution will eventually lead to a separation of the 
material fragments from the fracture surface Gryaznov (1984) and formation of the3D fragments. 
4. Conclusion 
The experiments of the pulse stretching of ceramic (Al2O3) tubular specimens were carried out under the 
conditions of electrical wire explosion. The tube fragmentation analysis has shown that the fragment size 
distribution have two slopes. The part of the fragments described by the power function of distribution refers to 
small 3D objects. Another part of the distribution data are approximated by the exponential function and these data 
correspond to 2D fragments formed. In the context of the developed model describing the mechanism of continuous 
medium fracture under high speed loading the following results were obtained. The ceramic tube was destroyed to a 
multistage scenario. As a result of tube extension in the radial direction first the main vertical cracks were formed 
throughout the specimen height, and then the main horizontal cracks were formed. This leads to the formation of 2D 
fragments which corresponds to the scenario of fracture thin shells (Mott model).The preliminary analysis of the 
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structure of tubes made from one kind of the material showed the initial porosity has a direct effect on the formation 
of 3D fragments. According to the scenario, the initial defect (porous) structure generates the conditions for 
reproducing the multi-site fracture of ceramics under high rate loading. The greater is the tensile stress, the higher 
number of pores will become a centers of damage initiation. 
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